Ambergrisichnus alleronae igen. et isp. nov. from early Pleistocene clay marine deposits of Umbria, central Italy is here described, and attributed to cololites (evisceralites) of sperm whales. This interpretation is supported by the following characteristics that are frequently identified in modern ambergris including: internal organization of concentric structures, external shape with converging striae and bulges (rognons), and inclusions of squid beaks. These cololites were deposited in a relatively deep (100-150 m) marine environment, and the large number of structures in a restricted area is plausibly ascribed to multiple death events of sperm whales. The description of A. alleronae igen. et isp. nov. is held by analysis of the taphonomic processes that took place after the sperm whale carcasses reached the seabed and led to fossilization. The analysis of benthic micro-and macrofauna found close to the studied structures provides supplementary data, which support the reconstruction of palaeoecological and palaeoenvironmental conditions comparable with those of the whale fall communities. This work increases knowledge of vertebrate coprolites. Moreover, this new information provides the data about the frequency of sperm whales in the Tyrrhenian Sea during the early Pleistocene, and raises new questions about the causes of this anomalous accumulation.
INTRODUCTION
The term coprolite (from the Greek kopros, dung, and lithos, stone) was applied to any type of fossilized digestive material, regardless of origin, since William Buckland coined the term in 1829, but now restricted to material ejected from the posterior of the digestive tract (see etymology in Bromley, 1990; Hasiotis et al., 2007; Hunt and Lucas, 2012a) . They are considered bromalites, along with cololites, regurgitalites and other trace fossils (Hunt and Lucas, 2012a) . Bromalites are commonly studied in continental environments, where dinosaurs have received the most attention because of their size and possible inferences about their diets (Chin et al., 1998; Piperno and Sues, 2005; Prasad et al., 2005) . However, bromalites of other types of vertebrates are known, ranging widely in size, shape and abundance (Hunt, 1992; Spencer, 1993; Hunt et al., 1994; Hunt and Lucas, 2012b) . Related trace fossils are classified in a variety of ways including feeding traces (e.g., bite marks and degradation of bones for ingestion) (Duffin, 1979; Hunt, 1992; Hunt et al., 1994; Northwood, 2005; Hasiotis et al., 2007) . Cololites are fossilized digestive material preserved in the digestive tract posterior to the stomach (Hunt and Lucas, 2012a) , in particular show a range of degradation depending on the degree of digestion before preservation, and the identification of cololites is difficult, but not impossible, unless they are fossilized within the intestinal region of animals (Hunt, 1992 , Hunt et al., 2012 Hunt and Lucas, 2012a) . Bromalites, meaning ''food stones'', are defined as any fossilized digested matter originating from animals. Evidence cited in support of a fecal origin may include an extruded shape, variation in shape corresponding to viscosity variations seen in modern specimens, limited length or quantity of material, and striations caused by anal extrusion (Amstutz, 1958; Shelton, 2013) . Fossil bromalites of cetaceans were previously unknown. Notably, fossilized ambergris, which represents the most distinctive among all kinds of fecal matter of sperm whales, had never been recognized until the work of Baldanza et al. (2013) on the Bargiano section (southwestern Umbria, northern Apennine, Italy; Figures 1, 2) . Preliminary results refer these structures to intestinal products of sperm whales living between 1.75 and 1.55 Ma, and they represent the only known example of sperm whale coprolites. In the same area, north from the Allerona railway station and not far from the Bargiano site, minor ichnofossiliferous horizons have been identified throughout the Montemoro section (Figures 1, 2) . The purposes of this paper are an ichnological description, the proposal of the new ichnogenus and the new ichnospecies Ambergrisichnus alleronae, and a geologic, stratigraphic, sedimentological, and mineralogical characterization of cololites and of enclosing sediments.
GEOLOGICAL AND STRATIGRAPHIC OVERVIEW
The study area (Figure 1 .1) is located in western Umbria (central Italy), about 10 km north of Orvieto, close to the town of Allerona, within the South Valdichiana Basin -a wide extensional basin evolved from the late Miocene onward. The Allerona sector belongs to the Paglia graben, a NW-SE oriented extensional basin bordered by MesozoicCenozoic highlands (the Mt. Peglia/Narnese-Amerina chain, due east, and the Rapolano-Mt. Cetona ridge, due west). Since its evolution began during the early Pliocene, the Paglia graben mainly held a river-fed coastal marine sedimentation from late Pliocene to early Pleistocene (Ambrosetti et al., 1987; Mancini et al., 2004; Baldanza et al., 2011 Baldanza et al., , 2013 . Sediments vary from gravels and sands to silty clay deposits, both across and along the paleoshorelines, delineating a very digitate coastal environment. Still, most of deposits cropping out in the Allerona area are gray-blue, massive to thinly laminated offshore marine silty clay. All these deposits are referred to the Chiani-Tevere sedimentary cycle (Gelasian-Calabrian: Ambrosetti et al., 1987; Mancini et al., 2004; Baldanza et al., 2011) . Two ichnofossil sites, the Montemoro and Bargiano sections, are described herein ( Figure  1 .2). FIGURE 1. 1. Simplified geological scheme for the study area and location of fossil sites (modified after Baldanza et al., 2011) . 2. Bargiano and Montemoro sedimentological and biostratigraphic sections. Pictures (m1, m2) show the emergence of large cololites in the Montemoro section. Grain-size scale: C = Clay, S = Silt, VFS = Very Fine Sand, FS = Fine Sand. bmG = base of medium Gephyrocapsa event; blG = base of large Gephyrocapsa event (sensu Raffi, 2002) .
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Montemoro Section
The Montemoro section crops out through a series of quarry fronts, between 170 and 230 m in elevation, on the right side of the Rivarcale stream (Figure 1 ). Deposits are mainly grayish-blue, massive to thinly laminated silty clay although thin horizons of fine sand occur locally. Beds dip northeastward (020/20). In the lowermost section, the molluscan fauna is rich but oligotypic, and represented by scattered gastropods and bivalve coquinas (Table 1) . The uppermost part of the section bears a rich and polytypic molluscan fauna that also includes the chemosynthetic species (CH) FIGURE 2. Bargiano ichnofossils-bearing site. 1., 3. Panoramic views of cololites in W-E (1) and N-S (3) directions. 2. Simplified topographic map with localization of cololites and whale remains; main bed's attitude is reported. 4-6. Details of whale bones. 4. Part of the skull, associated to shell beds. 5. Cervical fused vertebrae 2 nd -7 th (Ve). 6. Oyster shells (Oy) grown on a bone surface.
Lucinoma asaphus, Solemya sp., and Yoldia nitida. Rare specimens of Arctica islandica have also been documented. In the lowermost part of the section, an incomplete postcranial skeleton of a mysticeti (presumably a blue whale or a grey whale) and a partially preserved skeleton of a small whale were found some years ago and are still under study (Soprintendenza per i Beni Archeologici dell'Umbria, Pietrafitta Museum, personal commun., 2013). The few, poorly preserved fragments Table 1 . Distribution of commonest mollusc, foraminifera and ostracoda species among the study sections. SF = Suspension Feeding; CH = Chemosynthetic species; CA = Carnivorous species; PO = Polychaetes organic compound feedings; IN = Benthic Infaunal; EP = Benthic Epifaunal; Pl = Planktonic; relative abundances: x = rare; X = common; X = abundant. of small whale were attributed to Balenula sp. by Danise and Dominici (2014) . The foraminiferal assemblages are characterized by abundant to common benthic infaunal and epifaunal taxa, and by common planktonic species (Table 1) . The "cold guest" Hyalinea balthica is rarely found. The wellpreserved ostracofauna is represented by common carapaces and disarticulated valves (Table 1) . Semiquantitative analysis of calcareous nannofossils reveal, at the base of the section ( Figure  1 .2), poor assemblages characterized by small Gephyrocapsa spp., Calcidiscus macintyrei, and Discoaster spp., referable to the MNN18-MNN19a Zone (late Gelasian -Calabrian: Rio et al., 1990) . Throughout the section, the calcareous nannofossil assemblages increase in abundance, and two biostratigraphic events (bmG, base of medium Gephyrocapsa, and blG, base of large Gephyrocapsa, sensu Raffi, 2002) are identified, marking respectively the base of the MNN19b and MNN19d subzones (Figure 1 .2) and attributable to the Calabrian (Rio et al., 1990) .
Mollusca
Affinity
Bargiano Section
The 15 m thick section of Bargiano crops out along the rim of badlands, from 350 to 360 m in height, about 100 m higher than the top of the Montemoro section, at the head of the Rivarcale stream (42°50′13″N, 11°58′22″E). It represents the main cololite site (Figure 2 ). Deposits consist of thinly laminated gray-blue silty clay, with scattered molluscs and coquinas (Figures 1.1-2, 2). Beds slightly dip southeastward (125/13). Mollusc horizons occur throughout the section, and the main shell beds are concentrated around the cololites and close to whale bone remains . The latter are mainly a few cranial and rib remains, and a small portion of fused cervical vertebrae (probably from 2 nd to 7 th ), attributed to a sperm whale. An oligotypic but rich molluscan fauna is present; the collected species are common species representing a muddy bottom community. Assemblages (Table 1) are largely dominated by epifaunal taxa of suspension feeders, with few infaunal taxa (Glans intermedia, Glossus humanus, and Venus multilamella). Species feeding on polychaeta organic compounds, carnivorous species, and chemosynthetic taxa (indicative of the sulphophilic stage) distinguish the molluscan fauna from Montemoro (Baldanza et al., 2013) .
Qualitative analyses of selected samples collected near the cololites and around the whale skeleton were carried out to identify foraminiferal communities. Among the benthic forms, epifaunal taxa are abundant ( Table 1 ). The planktonic foraminifera are rare and represented by Globigerina cariacoensis, which identifies the homonymous Foraminiferal Zone (Colalongo and Sartoni, 1979) (Faranda and Gliozzi, 2008) .
The calcareous nannofossil assemblages indicate a Calabrian age, because of the occurrence of small-and medium-sized Gephyrocapsa spp. (MNN 19b -19c nannofossil zones: Rio et al., 1990; Raffi, 2002) .
MATERIALS AND METHODS
The cololite record is quite different in the two study sections (Figures 1.2, 2.1-3). In the Montemoro section, the presence of cololites (see insert photos m1 and m2 in Figure 1 .2) is sporadic and associated with whale bones and shark teeth. At Bargiano, more than 25 large and minor cololites are spread over a surface of 7000 m 2 (Figure 2.1-3). Figure 2 .1, 2.3 show how the cololites appeared during September 2011, emerging from the substrate by at least one meter. Locations and mutual distances between cololites are shown in Figure  2 .2. This study focuses only on the Bargiano cololites, due to the poor preservation of cololites at Montemoro. The description of Ambergrisichnus alleronae igen. et isp. nov. is based on four selected samples (labelled respectively CT01, CT02, CT03, and CT04), which are considered the most representative. Fragments from five large cololites (labelled 8, 9, 12, 15, and 17 in Figure 2 . 2) were used for thin sections, mineralogical analyses and scanning electron microscopy (SEM). Several pyrite disks of about 0.5-2.0 cm in diameter, scattered through the clay sediments near whale bones and cololites, were collected and studied with a scanning electron microscope (SEM) to provide a preliminary analysis of the microstructure ( Figure  2 .2). Qualitative mineralogical compositions of the analysed samples were performed by X-ray powder-diffraction (XRPD) by means of an automatic diffractometer (Philips PW 1830/1710) in the following experimental conditions: Bragg-Brentano geometry, Ni-filtered CuK α radiation obtained at 40 kV and 20 mA, 5-60° 2Ɵ investigated range, 0.02°s tep, 2 s counting time per step. The total amounts of volatile compounds were determined by thermogravimetry analysis (TG) by means of TG-DSC equipment (TA Instruments, model Netzsch STA 449C Jupiter). The experimental conditions were: (a) continuous heating from room temperature (20°C ) to 1000 °C at a heating rate of 10 °C min -1 ; (b) inert-gas (N 2 ) dynamic atmosphere (30 ml min -1 ); (c) alumina, top-opened crucible; and (d) no thermal pre-treatment of the samples, to prevent a possible mass loss of weakly bonded H 2 O molecules.
RESULTS
Among the cololites, two morphotypes are distinguished, indicated herein as relatively simple and complex cololites, respectively. The "simple" cololites are found as isolated, relatively smaller specimens ( 3). Characteristically, an internal concentric structure is visible ( Figure 3 .4-6), exhibiting concentric bands, a few mm thick, and bulges (Figure 3 .2). The latter, which are oval to round positive compressed structures (exceptionally up to 12 cm, but commonly 5-6 cm wide), correspond to the rognons described by Clarke (2006) in Recent ambergris. Bulges are irregularly dispersed on the outer parts of simple cololites (Figure 3 .2), but may be also observed within complex cololites as fragmented parts. In longitudinal view, the outer surface of simpler cololites often shows a longitudinal set of striae (Figure 3.1, 3.3, 3.5, 3.7) . Two kinds of striae are identifiable. The first are small and irregular, weakly prominent, and disposed on the outer surface of rings ( Figure 3 .5); the second type, are 1-3 cm wide and up to 12 cm long, are deeply striate (Figure 3.1, 3.3, 3.7) and converge towards an apex, whose tip tends to be tapered (Figure 3 .3). Tapering and deep striae, therefore, are the most typical features of the simpler cololites and commonly occur in many specimens (up to 70% of total). Rare oblique, larger but shallower striae have been found on some outer surfaces. Other types of deformation, such as mammellons and ridges, are disposed along the outer surfaces with abrupt change in colour (e.g., from yellowish to red, Figure 3 .4).
The complex cololites (Figure 4 .1-4) are hummocky structures, varying in shape and dimensions (30-60 cm high and 60-120 cm wide), and protruding from the surrounding clay deposits to produce conical mounds (Figure 4.1-4) . Less frequently, they are almost straight cylindrical structures . Typically, a single easily recognized structure is 50 cm high and 80 cm wide and shows a concave, irregular center and a subcircular to elliptical outline ( Etymology. From the term ambergris (originally from Arabic ambar), indicating a solid substance usually associated with sperm whales (Physeter macrocephalus Linnaeus, 1758) and less commonly with pygmy sperm whales. The species 8 FIGURE 3. Simpler cololites (intestinelite group) from Bargiano section. 1., 7. Typical irregular elongated mass (CT02), produced by different helicoidal swirls, Bargiano section, in lateral view (1) and backside view (7). Arrows indicate the occurrence of longitudinal striae. 2. Mass (CT03) with bulges (rognons). 3. Holotype of Ambergrisichnus alleronae (CT01), showing converging striae in the left apex (arrow) and enlargement at the other apex. 4. Characteristic helicoidal arrangement and rings with different colours (CT04). 5-6. Side view (5) and front view (6) of rings (CT04), (modified after Baldanza et al., 2013) . 8-9. Modern examples of ambergris masses with concentric rings and changes in colour, comparable to study specimens (arrow in 8 indicates a squid beak). (Baldanza et al., 2011; 2013) Diagnosis. Ichnogenus: irregularly cylindrical permineralized structure, elongated or branched (Figure 3. 3), with apex showing convergent striae and strong tapering towards the tip. Dimensions varying from 20 to 40 cm (exceptionally up to 60 cm) in width, from 18 to 35 cm in length. Smooth or slightly rough outer surface (Figure 3.1, 3.2, 3.7) showing compressional structures and irregular striae, with interposed oval to subspherical and/or compressed bulges (up to 7 cm wide and 9 cm long), emerging abruptly from the surface. Concentric helicoidally envelopment in cross section, converging towards a poorly cemented nucleus (Figure 3 .4, 3.6), with colour changes and locally exhibiting thin concentric bands. Ichnospecies: as for the ichnogenus. Description. The holotype of Ambergrisichnus alleronae isp. nov. (CT01, Figure 3. 3) is an irregular cylinder, 18 cm long and 20 cm wide, with one apex showing convergent striae and strong tapering toward the tip, while the other apex is wider and includes two very short branches (Figure 3.3) . In cross section, the concentric envelopment, best visible on paratype 3 (CT04), converges towards a nucleus that is poorly cemented (a marly clay, Figure 3.4, 3.6 ). The external texture is smooth or slightly rough. In paratype 3, one apex has been cut to show the interior arrangement of rings and the helicoids; the helicoids, 10 to 40 cm thick, are well preserved, with colour changes and locally exhibit concentric bands. The outer surface of paratypes 1 and 2 (Figure 3.1, 3.2, 3.7) show compressional structures and irregular striae, and between these structures there are some rognons (bulges: Clarke, 2006) . The rognons, emerging abruptly from the outer surface, are oval to subspherical; they are up to 7 cm wide and 9 cm long, and compressed. The major change in colour is between striae and rognons, and similar features occur in modern and ancient cololites (Hunt and Lucas, 2012a) . The holotype represents the tip of a complex cololite hummock. About 30% of the terminal parts of outer sheaths of complex cololites exhibit comparable characteristics, although the shape can change (e.g., no branching). Morphological features of the holotype and the paratypes of A. alleronae igen. et isp. nov., such as striae, concentric bands, and rognons are recognized in many large masses (e.g., complex cololites), as well as in modern ambergris (Clarke, 2006) . Remarks. The Allerona specimens differ from other similar large structures induced by diagenetic processes, because of the external shape and internal structures both of complex and simpler cololites. Although externally it may resemble vertebrate and invertebrate burrows (Gaillard et al., 2013 , Figures 6 and 8) , or shafts of Tisoa siphonalis from the Early Jurassic (Pliensbachian) (van de Schootbrugge et al., 2010) , A. alleronae differs significantly in important aspects. The internal arrangement of A. alleronae is helicoidal or concentric around a central nucleus (usually a dark grey clay core, Figure 3 .6); this feature is lacking in most invertebrate burrows, as well as in the simple or columnar, abiotic carbonate concretion of Tisoa siphonalis. Moreover, a well-cemented series of concentric bands (Figure 3 .4-6), generally with oxidized reddish or yellowish crusts, is common in the specimens of A. alleronae (Baldanza et al., 2013, Figures 3.1 and 3.2) , and are very similar to those present in modern ambergris (Figure 3.8-9 ). In the holotype (Figure 3. 3) the external branched shape resembles some giant Thalassinoides in the Early Jurassic Calcari Grigi Formation of the Southern Alps (Giannetti and Monaco, 2004) , but in the latter specimens convergent striae and concentric rings are absent. In cross section, large Thalassinoides (type 4 of Giannetti and Monaco, 2004) shows a central large tunnel used by the crustacean for movements within the burrow. This feature is lacking in A. alleronae. The converging striae of A. alleronae are typical and never found in other fossil marine or freshwater cololites, although spiral bromalites are known and have been associated with primitive fish, for example freshwater sharks Orthacanthus (Shelton, 2013) . Striae are reported in other trace fossils such as the aestivation burrows of lungfish from the Eocene to Oligocene of southeastern France (Gaillard et al., 2013) . Nevertheless, these striae are short and parallel, of the same width and regularly spaced, while striae of A. alleronae are convergent towards the apex and of irregular length (Figure 3.3) . Discussion. The holotype of A. alleronae (CT01) is a portion of a large cololite formed as hummocks with many convolute tunnels, which has never been found in branched horizontal mazes of Thalassinoides (Monaco, 2000; Monaco et al., 2007) . Notably, the orientation of ambergris specimens, which is known only in two finds from the Southern Harvester floating factory obtained during the Antarctic whaling season of December 1953 (155 kg and 421 kg specimens), has the smaller end pointing towards the anus and the larger end pointing towards the stomach of the whale (Clarke, 1954 (Clarke, , 2006 . Similarly, the end of each Allerona structure is tapered and exhibits wide and deep convergent striae, as in ambergris described by Clarke (2006) . Subcircular lumps and protruding structures are common in the outer part of A. alleronae, just as in the rognons found in present-day ambergris (Clarke, 1954 (Clarke, , 2006 Johnson, 2001; Perrin, 2005; Vogt, 2011) . Clarke (2006) observed that the thinner end of each mass of ambergris may be tapered, or shaped like a thick bobbin protruding from the main mass, with a somewhat rounded terminus. The passive movement of the ambergris mass in the intestinal tract can produce such structures as large striae and compression of rognons as described in modern ambergris masses (Clarke, 2006) . Comparable features had not been reported in the paleontological and ichnological records, until the work of Baldanza et al. (2013) . The findings of squid beaks within cololites ( Figure 5 .1-4) further support the connection with Recent ambergris masses, wherein squid beaks are conspicuous. Baldanza et al. (2013) reported preliminary mineralogical data by FTIR analyses performed on the inner gray and outer red or yellow parts of cololites. The FTIR analysis showed a relatively low amount of aluminum silicates within the fossil structures, while the enclosing clay sediments showed a low content of CaCO 3 (<15%); the CaCO 3 in the cololites was interpreted as biogenecally precipitated due to local enrichment in organic matter (Castanier et al., 1999; Douglas, 2005) . Xray diffraction spectra of the new analysed samples are presented in Figure 6 .1. XRPD analysis shows that samples are essentially made up of dolomite, with minor amounts of quartz and phyllosilicates, and traces of calcite and plagioclases. Thermogravimetric analysis (Figure 6 .2) confirms the presence of volatile compounds related to the carbonate phases. Assuming that all the mass loss in the temperature range of 600-1000 °C may be attributed to carbon dioxide bound to dolomite, the amount of this carbonate phase ranges from 72% (sample 15) to 81% (sample 17) in weight.
Mineralogical Analyses
A preliminary observation under the scanning electron microscope of the inner portions of cololites allowed us to identify a microcrystalline mosaic of rosette-shaped dolomite with mica (probably muscovite) crystals in the inner portion ( Figure  7 .9), and scattered dolomite nanocrystals associated with spheres of probable bacterial origin (Figure 7 .10).
Microstructural Arrangement
The analysis in thin sections of different cololites has highlighted the pervasive presence of a micropeloidal matrix with microcrystals of dolomite, pyrite crystals, scattered benthic foraminifera, and other, and never observed peculiar structures. The micropeloids (Figure 7 .4-7) are very small, on an order of few microns, and might be the result of the original degraded microbial mat as indicated by Chafetz (1986) . The distribution of pyrite crystals varies through the cololite bodies; the peripheral region of Ambergrisichnus alleronae (generally red or yellow-orange in colour) shows a much higher pyrite concentration (as small grains of 30-40 m) than the interior region, where the pyrite formed framboids. The framboidal, from 50 to 100 m, pyrite crystals (Figure 7 .3, 7.6, 7.8) occur as isolated or grouped (Figure 7 .8), and pyrite also infill microfossils (benthic foraminifera Bulimina and Bolivina) .
A large number of dolomite crystals of different size (Figure 7 .4-6, 7.8) is scattered in the matrix and in some cases, the micrometric crystals constitute the matrix of cololites (Figure 7 .6). Other particular types of structures, such as long chains of pyrite spherules (Figure 7 .1, 7.3) and elliptical bodies with central pyrite crystals (Figure 7.4) , are identifiable into cololites and could be comparable with structures produced by filamentous large sulphur bacteria like Beggiatoa and Thioploca. Beggiatoa (Figure 7 .2, free-living specimens) is a candidate for a source because of its morphology, represented as a single free-living filament with sulfur inclusions (Salman et al., 2011) . Other discoid pyritized structures (ranging in diameter from 12 0.5 to 2.0 cm), were commonly found close to the cololites and near the whale skeletal remains . Several discs are circular, with a rough surface, undulate margins, and an umbonate to convex central area. From a microbiological point of view, they are comparable to colonies or structured communities of bacteria (Branda et al., 2001; Kearns et al., 2005; Granek and Magwene, 2010) . Observation under the scanning electron microscope, indeed, revealed a rough surface formed by microspheres of pyrite, attributable to original bacterial bodies. The only known comparable structures are the "discs of pyrite in coal" described by Southam et al. (2001) as an example of fossilized bacterial colonies.
DISCUSSION
Ichnological Significance
Undoubtedly, the described permineralized structures appear to be cololites of marine mammals, and specifically of sperm whales. But what kind of cololites? Two main groups are recognized: intestinelites (preserved within a body cavity) and evisceralites (preserved outside a carcass) (Hunt and Lucas, 2012a) . Bromalites are considered remains of material sourced from the digestive system of organisms and, in the majority of cases, deposited externally (Hunt et al., 2012) , as, for example, the well-known types of fossilized spiral faeces. Regurgitalites (from oral cavity), evisceralites, and coprolites are thus known only after they leave the body of the producing organisms, whereas gastrolites (stomach contents) and intestinelites are found in situ in their respective organs (Hunt et al., 2012) . The internal and external structures of all these groups can change, following characteristics of organisms and environments. An emblematic case is represented by spiral coprolites (Shelton, 2013) ; many authors debated whether or not these spiral structures were preserved after being expelled as faeces, or if they were retained FIGURE 5. Squid beaks from structure n 8 (Figure 2 .2). Part of a lower beak (1) and longitudinal section of a beak (2), emerging from the rough surface of rock sample. 3-4. Microscopic features of squid beaks inside cololites (structure n 12, Figure 2 .2). Crystals and framboids of pyrite (4), scattered into the micropeloidal matrix with dolomite microcrystals are also visible (1 and 4 are modified after Baldanza et al., 2013) . after death in the colon or rectum of the animal (Williams, 1972; Stewart, 1978; Duffin, 1979; Mcallister, 1985; Shelton, 2013) . The coprolites described at Allerona undoubtedly differ from any other known bromalite in the occurrence of internal spirae, often forming thin concentric bands. They also differ considerably in length and other dimensions, occurrence of branches, long tunnels, and meanders. Cololites, in the case of large marine mammals, can form irregular masses with many, often meandering tunnels that follow the original contours of the gastrointestinal tract (e.g., stomach, colon, rectum), producing striae and tapering close the rectum and elongated bulges as rognons. Therefore, A. alleronae is ascribable to the cololite group and could be referred to as an intestinelite, which are intestinal contents within the body, or to evisceralite if they are found in the absence of a carcass, using the terminology of Hunt et al. (2012a) . Thus, A. alleronae igen. et isp. nov. clearly represents an evisceralite since they are found without a skeleton or carcass.
Diagenesis and Preservation of Fossil Ambergris Masses
The preliminary chemical data reported by Baldanza et al. (2013) reveal the presence of organic molecules compatible with the degradation of cellular lipids and with the mammalian gastric (or intestinal) activity. The discovery of eight free amino acids shows a close correlation with the composition of squid beaks. The occurrence of many permineralized squid beaks ( Figure 5 ) and FIGURE 6. XRPD patterns (1) and mass changes in thermogravimetric analysis (2) of five cololite samples. Numbers of samples correspond to the structure of provenance (Figure 2 .2). FIGURE 7. 1, 3-8. Transmitted light photomicrographs of petrographic thin sections of the Bargiano cololites. 1. Interior of cololite (structure n 12) showing a micropeloidal matrix crossed by long chains of pyrite microgranules. 2. Beggiatoa specimens, sulphur large bacteria, single free-living filament with sulphur inclusion. 3. Detail of fossil Beggiatoa-like filaments from structure n 12. 4. Subspherical, red-brownish micromasses of pyrite (or sulphur), surrounded by a grey "halo" that inglobates all. To note the micropeloidal matrix. This structure may be comparable with large Thioploca cells. 5-7. Benthic foraminifera, partially and/or totally filled by bacteria-induced microcrystals of pyrite. 8. Pyrite framboids from structure n. 12. 9-10. SEM images of cololite internal fragments.The both surfaces are fresh, no acid attack was made. 9. Rosette structures made of dolomite microcrystals, and scattered single spherical cells referable to bacteria. In the centre, mica crystals with typical shape. 10. Dolomite crystals with well-developed orthorhombic shape (at central right), sparse spherical cells of bacteria, and a quartz crystal. Dolomite crystals (left) are aggregated to form a compact mass. 11-13. Bacteria-induced pyritization (sun-like pyrite discs). 11. Stereomicrophotograph of a large pyrite disc (about 1.5 cm in diameter). 12. SEM image of disc surface (particular), showing a large amount of spherical cells, progressively smaller form center to periphery. This arrangement is associated to bacteria colonies. 13. Small pyrite disc, yellow/orange, with elliptical to dumb bell shaped bacteria bodies arranged in a short chain. altered organic matter confirm the origin of A. alleronae as being related to sperm whales.
The original mineralogical results proposed herein open new problems involving the permineralization processes of sperm whale cololites, accumulating within the intestine as masses of ambergris, and rich in organic substances (ambrein, intestinal parasites, squid beaks, etc.). The first chemical investigation of fresh ambergris masses (Baynes-Cope, 1962) , involved the spectrographic analysis of ashes, obtained by ignition below 500 °C, revealed the perennial occurrence of magnesium and calcium (potential sources for a dolomite formation), with small amounts of sodium, manganese, iron, and silicon. The extensive occurrence of nano-and microcrystals of dolomite in our samples leads us to consider the microbial mediation as a possible mechanism for natural dolomite formation at low temperatures (Vasconcelos et al., 1995; Van Lith et al., 2003) . In particular, the dolomite nucleated exclusively in bacterial colonies, intimately associated with extracellular organic matter and bacterial cells (Gram-negative bacteria) and laboratory research demonstrated the specific adsorption of Ca 2+ and Mg 2+ onto cell surfaces, indicating the role of bacterial films in carbonate nucleation and bacterial fossilization (Van Lith et al., 2003) . Experimental data has demonstrated that microbial sulphate reduction can be responsible for the formation of carbonates with different Mg/Ca ratios (Sagemann et al., 1999; Warthmann et al., 2000) . In addition, the bacterial sulphate reduction may overcome the kinetic barrier to dolomite formation by increasing pH and carbonate alkalinity, and as a consequence, sulphate occurs in sea water as a magnesium sulphate ion pair, while removal of sulphate ions by bacteria may increase the availability of magnesium ions for dolomite precipitation (Vasconcelos et al., 1995; Vasconcelos and McKenzie, 1997; Castanier et al., 1999; Wright, 1999; Warthmann et al., 2000) . All these processes can easily justify the extensive occurrence of dolomite in our samples. Other evidence supporting the microbial-induced mineralization, linked to the presence of bacteria within the cololites, includes the occurrence of bacterial chains visible in thin sections, and the common presence of pyrite framboids and micropeloids (Figure 7) . Heterotrophic bacteria are presumed to diffuse and develop into the ambergris masses, feasting on the rich lipids; as shown by Nagakuma et al. (1996) , the presence of fatty acids stimulates the presence of methane-oxidizers in association with sulphate-reducers, analogous to the ecosystem that occurs around methane seeps (Orphan et al., 2004) . Thus, it might be reasonable to suppose that heterotrophic bacteria, buried into ambergris masses, degrade organic compounds producing sulphide that can be converted to pyrite (Allison et al., 1991; Hurtgen et al., 1999; Shapiro and Spangler, 2009 ). This process is related to the sulfophilic stage, the last of the three stages described by Smith and Baco (2003) for whale-falls, in which elevated H 2 S concentrations within whale bones and surrounding sediments lead to sulphite-based chemoautotrophic primary production. The excess of sulphur from sulphur-bearing amino acids or other organic sulphur compounds in the tissue (in our case the ambergris masses, enriched in free amino acids derived from squid beaks) reacts as H 2 S with iron monosulfide to produce pyrite. Moreover, as demonstrated by Zopfi et al. (2008) the Thioploca/Beggiatoa community couples the biogeochemical cycles of nitrogen and sulphur. Our approach is currently based on morphological comparison, and will require specific analyses aimed at identifying traces of bacterial biomarkers. In the absence of geological evidence for a cold seep, the marine sea floor of Bargiano, enriched by the accumulation of multiple sperm whale carcasses, probably simulated a paleoenvironment enriched in methane, originating from the processes of degradation of organic tissues. This particular situation altered the water chemistry, stimulating the proliferation of bacterial mats, and created suitable conditions for the precipitation of biogenic dolomite and the development of iron sulphides.
Palaeoenvironmental Implications
Based on sedimentological and micropalaeontological data, the study sections are referred to offshore marine environments (Baldanza et al., 2011 (Baldanza et al., , 2013 . The occurrence of horizons bearing plant remains throughout the sections, the grain size of the sediments, and the foraminiferal assemblages lead us to hypothesize a distal source of sediments from emergent areas nearby (Baldanza et al., 2011 (Baldanza et al., , 2013 . Thus, average water depths must have been between 100 and 150 m, as confirmed by analyses of the ostracod fauna. Acanthocythereis hystrix is documented today in the Gulf of Noto at -70 m, and in the Gulf of Taranto between -57 and -107 m (Bonaduce and Pugliese, 1979; Montenegro et al., 1998) . Costa edwardsii is reported in the Gulf of Naples between -42 and -92 m depth, and in the Adriatic Sea between -24 and -125 m. Finally, Pterygocythereis jonesii is noted in the Adriatic Sea between -80 and -170 m and off 16 Malta between -9 and -128 m. P. jonesii, though considered as ubiquitous, is also present at depths greater than those of the upper circalittoral zone; Henryhowella is likewise considered as a ubiquitous genus and is reported from infralittoral to bathyal zones (Guernet and Lethiers, 1989) . Hence, based on the available data it is possible to utilize the ostracod association to indicate a depositional palaeoenvironment located on the continental shelf between the upper circalittoral and middle circalittoral zones (50-150 m water depth). It should be noted that the association contains no specimens that could be considered as allochthonous or definitely transported from shallow coastal environments. The infaunal taxon Krithe digs into the sediment to eat bacteria and microbes. The abundance of some species such as Pterygocythereis jonesii and Acanthocythereis hystrix is particularly interesting. This abundance could have been created, in all probability, by an increase of nutrients in the bottom. An increase in abundance of some species of ostracods in relation to the increase in trophic resources is a phenomenon that has been reported by several authors, among others Coles et al. (1996) in the Porcupine Basin, Sciuto (2005) The malacofauna, which is described throughout the sections, is not particularly diagnostic bathymetrically, and it could be generically referred to the circalittoral zone. According to Murray (2006) , some information about the palaeoenvironmental conditions at the seafloor can be extrapolated from the ecological characteristics of benthic foraminifera.
The dominance of epifaunal and shallow infaunal foraminifera taxa confirms an adequate availability of nutrients in the form of degraded organic matter. Epifaunal and infaunal taxa indicative of cool conditions (Murray, 2006) at the sea floor (Hyalinea balthica, Lenticulina calcar, Heterolepa floridana, Gyroidina altiformis, and Melonis spp.) are present. Contrary to the Bargiano section, where cool conditions are confined to the seafloor, in the Montemoro section planktonic foraminifera assemblages indicate almost constant cool conditions throughout the water column.
Biostratinomic and Taphonomic Inferences
The occurrence of A. alleronae through the Montemoro and Bargiano sections is documented in at least four distinct horizons. The nannofossil events recognized in the Montemoro section allow the estimate of a sedimentation rate between 182 and 113 mm ka -1 . According to previous data (Baldanza et al., 2011 (Baldanza et al., , 2013 , sedimentation rates for Pleistocene marine clay deposits in the study area are between 75 and 102 mm ka -1 : thus, the 1 mthick clay bed with Ambergrisichnus alleronae at Bargiano could have been deposited in about 10 ka. Throughout the Montemoro section, the main trace fossil events are dated about 1.80, 1.75, and 1.65 Ma, with intervals of 50 ka and 100 ka between successive events, respectively. The larger cololites at Bargiano can be grouped in seven main groups, with five other isolated objects (Figure 2.2) . Including the whale skeleton, 7 to 13 sperm whales were presumably present at the site inside the same 1 m-thick clay bed and spread over a surface of about 7000 m 2 . As first pointed out by Baldanza et al. (2013) , this concentration is indubitably high, and hypotheses are needed to explain these numbers. Because of the presumed depth, this record is more compatible with whalefall events than to stranding events. In reconstructing a possible scenario, significant evidence is provided by the fact that molluscs characteristic of whale-fall communities were found by the whale bones and cololites alike. The mollusc assemblage peculiarities reveal some important similarities with whale-fall communities (Dominici et al., 2009; Danise et al., 2010; Baldanza et al., 2013) . The presence of chemosynthetic bivalves (Megaxinus incrassatus and Myrtea spinifera) and of gastropods that eat the polychaetes organic compounds (Nassarius italicus and Ringicula auriculata), evinces a large availability of nutrients and organic matter at the seafloor. This hypothesis is consistent with the abundance of filter feeders and suspension feeders. The presence of whale-fall mollusc assemblages in this context is suggestive of one or more distinct mass mortalities of sperm whales. The carcasses that originally accumulated on the seafloor are not preserved. The presence of more than 25 cololites of variable size and shape may be the only record of this mass mortality, the causes of which are not yet identified. The lack of cetacean remains around the structures (with the exception of one case) can probably be ascribed to several processes that have contributed to destruction of whale carcasses as in modern whale falls in the Pacific and Atlantic Oceans (Smith and Baco, 2003) . According to Smith et al. (2002) , the ecological succession of scavengers and other opportunistic taxa proceeds more quickly at shallow depths than in deep sea whale falls. Some foraminifera that consume large amounts of bacteria (Mur-ray, 2006) , such as Ammonia spp., Textularia spp., Bolivina spathulata, Bulimina marginata, Bulimina spinata, and Cassidulina carinata, argue for bacterial mat growth on the seafloor. Thus, the flux of organic matter, dispersed on seafloor sediments, and bacterial colonization are consistent and stimulate the development of epifaunal and infaunal bacteria feeder species.
According to all these data, the Bargiano site represents, as first proposed by Baldanza et al. (2013) , an accumulation zone of sperm whale carcasses and consequently an environment enriched in organic matter generated by the decay of the carcasses. Further sampling in the studied area could confirm this hypothesis.
In conclusion, marine clay sediments in the Allerona area record three main sperm-whale death events at least, identifiable, at the moment, only by the occurrence of fossilized ambergris cololites.
CONCLUSIONS
The introduction of Ambergrisichnus alleronae igen. et isp. nov. increases the knowledge of vertebrate cololites, particularly of marine mammals. The detailed description of cololites, their microstructure, and new mineralogical data confirm the original interpretation of these enigmatic structures as fossil ambergris by Baldanza et al. (2013) . In particular, they can be referred to as ambergris cololites, specifically as evisceralites, as indicated by several researchers for modern ambergris origin (Clarke, 1954 (Clarke, , 2006 Baynes-Cope, 1962) . The large accumulation of cololites is still an unresolved problem. The molluscan fauna exhibits a similarity with whale-fall communities and several lines of evidence document bacterial activity. Three massmortalities at least are inferred, associated with whale carcasses sinking in relatively deep water rather than stranding. Unfortunately, these events are identifiable, at the moment, only on the basis of fossilized ambergris. This work, aside from contributing to the advancement of knowledge in the field of ichnology and on the potential for conservation for bioderived substances, offers insights on the spread of odontocetes in the Tyrrhenian Sea during the Pleistocene. Moreover, it opens new scenarios for understanding taphonomic processes, subsequent to whale falls, and the role of bacterial consortia involved in biomineralization and early diagenetic processes in inner-shelf marine environments.
